Abstract
We have performed a series of ab initio molecular orbital and molecular dynamics calculations to ascertain the influence of an endohedral noble gas atom on the reactivity of the surface of the model system C 70 O 3 . Our simulations show that the minimum energy pathways for the ozone ring-opening reaction are influenced by the presence of the endohedral atom. The effect is isomer dependent, with the enthalpy of the reaction increasing for a,b-C 70 O 3 and decreasing for e,e-C 70 O 3 when doped with the heavy noble gas atoms Xe and Rn.
I. Introduction
Groundbreaking work in the field of "chemical surgery" has opened up a new prospect for the chemistry of fullerenes that contain light molecules in their cages. Examples include reports on the insertion of an H 2 molecule into the C 60 cage, and two H 2 molecules into C 70 , 1, 2 alongside other molecules such as CO, N 2 , NH 3 , and CH 4 (into open-cage fullerenes). [3] [4] [5] [6] Single nitrogen atom and noble gas atoms have also been reported to penetrate and remain within C 60 and C 70 cages. [7] [8] [9] [10] [11] [12] [13] These achievements have triggered questions about the influence of the endohedral guest on the surface reactivity and properties of fullerene derivatives.
Experimental data in this field are scarce. It has been observed, however, that in the range of 30-50 °C the equilibrium constant for the reaction of 9,10-dimethylanthracene (DMA) with C 70 containing one or two H 2 molecules differed by as much as 15%, 2 and the analogous reaction with He@C 60 returned an equilibrium constant that was noticeably larger than for Xe@C 60 .
14 This latter result in particular seemed to be surprising:
earlier theoretical work carried out on the large endohedral fullerene Y 3 N@C 78 15 indicated that changes in the stress of the cage was a potential factor for altered surface properties, but in the case of the C 60 encapsulation work the distances between pairs of C atoms (and therefore stress in the fullerene cage) do not change. This study therefore revealed that other factors must play a part, and suggested that the π-electrons from C 60 could interact with the closed valence shells on Xe.
In this paper we undertook to determine the influence of the presence and identity of an endohedral noble gas guest (specifically, He, Ne, Ar, Kr, Xe, and Rn) on fullerene reactivity. We considered a range of properties that can be readily obtained in computational simulations and tried to find out which of them are influenced by the presence of the guest. The properties we considered included the relative stabilities of the isomers formed by a fullerene (due to the fact that not all C-C bonds are chemically equivalent), along with the enthalpy and energy barriers of a reaction where the fullerene or its endohedral derivative is involved. We have chosen C 70 O 3 ozonide as a model system for our study, which is more challenging than a derivative of C 60 . 16 C 70 fullerene has five nonequivalent carbon atom types, which leads to eight nonequivalent types of bonds. Therefore, there are eight possible isomers of C 70 fullerene monoozonides. The atoms are commonly labeled with letters from a to e, where arefers to apical carbon atoms and e labels carbon atoms in the equatorial belt ( Figure 1 16 The full set of possible C 70 monoozonides therefore represents a good model to study how the presence of an endohedral guest influences the relative stability of the isomer series.
Furthermore, it has been proven experimentally that C 70 ozonides readily decompose, releasing molecules of O 2 to form the final stable oxide form. 17 We have studied this process previously, paying particular attention to the mechanism of ozone ring opening on the C 70 surface. 16 The breaking of a C-C bond, which triggers the whole process, and the subsequent dissociation of an O-O bond is a simple model of a chemical reaction taking place on fullerene surface and is therefore ideally suited to our present investigation. In this study we shall perform a systematic theoretical study to determine what influence the identity of the endohedral atom has on the relative stabilities of the C 70 O 3 isomer series and on the mechanism of the ozone ring opening on the fullerene surface. For this, two important factors have to be considered. First, noncovalent interactions between the noble gas atom and the carbon cage have to be described properly. 20, 21 They are also needed to stabilize the tertiary structure of α-helices. 22 And of direct relevance to this work, dispersion corrections have been previously cited as important factors in studying the reactivity of fullerenes 23 and endohedrally doped fullerenes. 24 The second factor we must consider is the fact that at nonzero temperatures atoms will explore the nonequilibrium parts of the potential energy surfaces. Thus, noble gas atoms can move inside a fullerene cage in different ways that are dependent on their masses and their interactions with carbon atoms, and in this way can modify the fullerene reactivity. The need to go beyond static calculations has been revealed in the diffusion Monte Carlo study of H 2 and 2H 2 encapsulated in C 60 and C 70 . 25 DFT-based molecular dynamics (MD) is a powerful first-principles computational method that allows the study of the behavior of a molecular system at a given temperature and allows us to investigate a chemical reaction as a process over a given time scale. In this study MD has allowed us to go beyond geometryoptimized static calculations, and to determine whether the endohedral guest influences the mechanism of ozone ring opening seen as a dynamical time dependent process. We also calculated relative stabilities of C 70 O 3 isomers on the basis of time-averaged energies to supplement results obtained for equilibrium structures from static calculations.
II. Method
All calculations were performed using the Becke-Lee-Yang-Parr (BLYP) exchange-correlation DFT functional 26, 27 coupled to a dual localized (Gaussian) and plane-wave basis set description 28 as implemented in the QUICKSTEP program, 29 which is part of the CP2K suite of software.(30) Semiempirical dispersion corrections to BLYP energies and gradients have been calculated using the recently proposed DFT-D3
method. 31 For all elements we have used relativistic, norm-conservative Goedecker-Teter-Hutter pseudopotentials optimized for the BLYP functional. 32 Valence orbitals of the elements were expanded using double-ζ quality basis sets (specifically, DZVP-GTH-BLYP for C and Ne atoms, and MOLOPT for the rest of the noble gas atoms 33 ). The auxiliary plane-wave basis set was defined by a cutoff energy of 300 Ry and applied to a cubic periodic boundary condition simulation cell of length 20 Å. The Born-Oppenheimer MD simulations were performed in the canonical ensemble (NVT), with a time-step of 0.7 fs and a chain of NoseHoover thermostats to regulate the mean temperature to 298 K. Transition states have been searched and minimum energy paths have been optimized using the improved tangent nudged elastic band (NEB) approach. 34 To further improve the values of the enthalpy and the energy barrier, we have performed single point energy calculations for the characteristic points on the minimum energy pathway at B3LYP-D3 level and def2-TZVPP 35 basis set, as implemented in TURBOMOLE. 36 For Xe and Rn atoms we used the recommended small-core relativistic pseudopotentials alongside a triple-ζ quality basis set.
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III. Results and Discussion
X@C 70 Structure and Dynamics
Optimization of the C 70 containing a heavy noble gas atom (>Ne) in its cage led to a structure where the endohedral atom tended to occupy a symmetric position at the center of mass of the carbon cage. For two light guests, He and Ne, the atom is essentially shifted toward one of the apex along the longer (polar) axis of the fullerene ( Table S1 in the Supporting Information). When the calculations are carried out using the standard BLYP functional, which does not describe the dispersion interaction properly, the interaction energy is fully repulsive and increases up to 26.8 kcal mol -1 . The result is therefore unphysical, as it suggests that stable X@C 70 molecules cannot be formed.
It is a matter of debate whether our reported numbers correctly reproduce the interaction energy between a noble gas atom and a C 70 molecule, as there are no high-level reference data published so far, against which we could compare our results. Recently, reported DFT-SAPT data 40 suggest that the original DFT-D Grimme method 41 tends to overestimate the binding interaction energy between an encapsulated noble gas atom and a C 60 cage, but the recent implementation of the semiempirical D3 dispersion correction, which is the one we have applied here, is expected to correct for this. Table S2 in the Supporting Information).
The changes in particular bonds lengths are listed in Table S2a The fact that the change in the average cage volume with respect to the noble gas identity is rather small can be misleading, as it may suggest that the interaction between the guest and the cage is negligibly small. The result is in fact the outcome of two opposing driving forces. Long range dispersion, which is always attractive and increases considerably with the noble atom size, leads to the volume shrinking. On the other hand, shortrange Pauli repulsion between the noble gas atom and carbon atoms should lead to cage expansion. Thus the marginal increase in cage volume with Xe or Rn occupation suggests that electrons occupying the closed valence shells of the noble gas atom interact with the carbon atoms and slightly modify the electron structure of C 70 . These calculations therefore confirm the idea put forward by Frunzi, Cross, and Saunders that Pauli repulsion is a crucial element of interaction between an encapsulated noble gas atom and a fullerene. 14 They also reveal, however, that the dispersion interaction between the guest and the carbon cage is just as important. Both these factors may influence the properties and reactivities of endohedrally modified fullerenes, especially those doped with large polarizable atoms such as Xe and Rn.
Stability of the Ozonide Isomer Series
The relative stabilities of the equilibrium structures of the eight isomers of C 70 O 3 are influenced only marginally by the presence of the endohedral noble gas guest ( Figure 5 upper panel, Table S3 in Supporting When the thermal factor is applied, and the atoms are able to explore the nonequilibrium parts of the potential energy surfaces, the influence of the identity of the guest on the relative stability of the isomers is much more pronounced, and it is no longer necessary to plot the results as relative differences ( Figure 5 lower panel, Table S4 in Supporting Information). Average potential energies for the isomers can vary by up to 3 kcal mol -1 as the identity of X changes, but overall the stability order of the eight isomers is more or less maintained.
Mechanism of the Ozone Ring-Opening Reaction
The ozone ring-opening reaction for empty C 70 O 3 is extensively discussed in ref 16 . For all endohedrally doped e,e-isomers (that is, where the O 3 unit straddles two e,e-C atoms) we observed spontaneous ozone ring opening, which proceeds through a mechanism consistent with what we observed for the bare fullerene. This suggests that the chemical reaction is not influenced qualitatively by the presence of the guest. The first stage of the reaction involves breaking the C-C bond to which O 3 molecule is attached. This is then followed by a dissociation of the O-O bond, which leads the process to a new minimum. The whole process for He@e,e-C 70 O 3 is summarized on a time line in Figure 6 . Isomers other than X@e,e-C 70 O 3 do not exhibit spontaneous ozone ring opening, in agreement with the set of empty ozonides. This result is important as it indicates that the noble gas guest does not substantially lower the potential energy surface barriers for the reaction scheme, a point we shall return to later in our discussion of our nudged elastic band (NEB) calculations. The green curve in Figure 6 represents an average distance between the He atom and the C atoms to which the O 3 unit is attached. The curve indicates that dissociation of the C-C bond takes place when the He atom approaches the C atoms, which may sugggest that the He atom does influence the process. Although the He atom may transfer some kinetic energy to the C atoms and in this way help to cross the energy barrier for C-C dissociation, the dynamic behavior of the guest atom is not a factor triggering the reaction (for instance, at t = 750 fs it also approaches the O 3 unit but this does not appear to result in any perturbation of the cage surface).
The same mechanism is observed for all X@C 70 O 3 species in the course of MD dynamics: movement of the noble gas atom does not correlate with the moment of C-C dissociation. Indeed, we observed some cases of C-C/O-O bonds dissociation where the X atom was departing from the C-C bond.
As discussed above, the ozone ring opening in the course of MD simulations for X@e,e-C 70 O 3 results in two different structures. The energy of the first structure, marked with a blue star (lower panel Figure 5 ), refers to the reactant where O 3 is attached to C 70 at an e,e-C-C bond. The energy of the second structure (olive hexagon, marked e,e′) refers to the product of ozone ring opening. The difference between these values (|ΔE|)
is marked with a purple pentagon and represents the energy of the ozone ring-opening reaction (see also Table   S4 in theSupporting Information). Interestingly, we observe that the process does show some sensitivity toward the noble gas atom identity, with |ΔE| for e,e-C 70 O 3 doped with Xe and Rn around 3.0-3.5 kcal mol -1 larger than for the other considered structures.
As mentioned above, empty a,b-C 70 O 3 and c,c-C 70 O 3 do not undergo a spontaneous ring-opening process during the course of an MD simulation as the energy barriers are much higher that for e,e-C 70 O 3 . 16 In these cases improved tangent NEB calculations allowed us to find transition states for these reactions ( Figure 7 , Table S5 in Supporting Information). This technique allows us to drive the chemical reaction while optimizing the internal degrees of freedom of the system and therefore produce adiabatic potential energy surfaces. The calculations were performed with CP2K software with a density functional and basis set the same as for MD simulation, as described in the Method section. GGA-type functionals, such as BLYP, tends to underestimate reaction energy barriers. In our previous paper, 16 where we studied in detail the mechanism of ozone ring opening on the C 70 surface, we improved the accuracy of calculated energy barriers by higher level method single point calculations for the transition state structures optimized with BLYP functional. The values calculated with hybrid B3LYP functional were in good agreement with experimental data. Here we employed a similar procedure. In the subsequent paragraphs (and in Table S5 , Supporting Information), the energy values taken directly from NEB BLYP-D3 based calculations are followed by the number in parentheses representing B3LYP-D3 single-point result. As expected, the hybrid functional predicts higher energy barriers and higher reaction enthalpies. For comparison we also performed similar calculations for the e,e-isomer series ( Figure 8 and Table S5 In Figure 8 we also plot the C-C and O-O bond lengths for atoms involved in the ozone ring on the surface of
Rn@e,e-C 70 O 3 molecule. The evolution of the bonds length along the reaction path reveals a mechanism for the ozone ring opening that is consistent with the picture from the MD simulation. First, the energy of the system increases with the elongation of the C-C bond. At the transition state the C-C distance reaches 2.083 Ǻ, which is considerably longer than for the initial equilibrium structure (1.750 Ǻ). Contrary to that, the O-O distance is 1.507 Ǻ, which is only slightly longer than equilibrium value (1.485 Ǻ). Finally, dissociation of the O-O bond is accompanied by a decrease in the total energy of the system. The mechanism of the ozone ring opening observed in the NEB calculations is independent from the identity of an endohedral noble gas guest.
The to the presence of noble gas guest is the leading factor that influences the ozone ring-opening reaction.
However, the opposite conclusion can be drawn for the e,e-C 70 O 3 isomer, where the curve (Rn)@e,e-C 70 O 3 resembles the minimum energy path for empty e,e-C 70 O 3 or even lies slightly above it. In this case it is not the pure cage deformation but the actual interaction between the Rn guest and carbon and oxygen atoms that shifts the energy of the curve down and finally decrease the enthalpy of the ozone ring-opening process by around 1.5 kcal mol -1 . 
IV. Conclusions
Thermally averaged positions of noble gas atoms inside the C 70 cage coincide with the mass center of the molecule. At 0 K (equilibrium structure) the atom sits in the mass center only for heavier guests. The presence of the noble gas atom only slightly influences the volume of the carbon cage. In the case of Xe and Rn it does not imply, however, that the guest interacts negligibly with the fullerene. In fact, both dispersion (attraction) and Pauli (repulsion) forces can influence the fullerene properties and reactivity, but their near equal and Results presented in this paper lead to the important conclusion that chemical processes taking place on the surface of fullerenes can be influenced by endohedral insertion of large guests such as a Xe or Rn atom, especially if the process involves C-C bond cleavage. Both the decrease and increase of the equilibrium constant can be expected depending on the type of C-C bond involved in the reaction.
